This study examined 1) whether plasma total Mg (TMg) and ionized Mg (IMg) concentrations in children are reduced by traumatic brain injury (TBI) and 2) whether the extent of reduction correlates with severity of trauma assessed by the Glasgow Coma Scale (GSC) score. This was a prospective cohort study of 98 pediatric patients who had TBI and were admitted through the emergency department. A GCS score was assigned and blood was obtained upon presentation and 24 h later. Plasma was analyzed for TMg and IMg. Patients were grouped into three categories-GCS scores 13-15, 8 -12, and Ͻ8 -to designate mild (n ϭ 21), moderate (n ϭ 37), and severe (n ϭ 40) TBI, respectively. Blood was obtained from 50 healthy children before elective surgery as controls. Control subjects had a TMg and an IMg of 0.94 Ϯ 0.08 and 0.550 Ϯ 0.06 mM. TBI patients had an initial TMg and IMg of 0.83 Ϯ 0.09 and 0.520 Ϯ 0.05 mM, respectively. Initial TMg for mild, moderate, and severe TBI subgroups (0.87 Ϯ 0.16, 0.81 Ϯ 0.15, and 0.83 Ϯ 0.14 mM, respectively) was reduced from control subjects (p Ͻ 0.01). IMg was reduced only in the severe TBI subgroup (0.516 Ϯ 0.07 mM; p ϭ 0.016). Twenty-four hours later, TMg remained lower than in control subjects for all subgroups of TBI; however, IMg normalized. TBI in children is associated with a reduction in TMg, whereas IMg decreased only with severe TBI. Traumatic brain injury (TBI) remains an important health problem in children. Hospitalizations are frequent after TBI (180/100,000 children) (1), mortality is substantial (10/100,000 children) (1), and up to 17,000 children per year are left with permanent developmental disabilities (2,3). TBI represents the most common cause of acquired disability in childhood (3,4). The pathogenesis of tissue injury after TBI remains complex, reflecting mechanical tissue destruction and multiple secondary processes such as energy failure, excitotoxin release, lipid peroxidation, osmodysregulation, apoptosis, and other pathways (5-8). Over the past 15 y, there has been growing interest in altered Mg homeostasis after TBI and a potential neuroprotective role for exogenous Mg administration. The proposed link between TBI and Mg is based primarily on work in an experimental model of TBI in rodents in which a fluid percussion model was used to induce damage. In this TBI model, both brain total and intracellular Mg (measured with P-31 magnetic resonance spectroscopy) (9 -11) were reduced, and the extent of injury correlated with the decrease in total and intracellular Mg (12). Supplemental parenteral Mg administered as prophylaxis minimized the decrease in brain Mg and improved neurobehavioral scores (12) (13) (14) (15) . In addition, Mg that was given to rodents that sustained TBI attenuated histologic brain damage (16).
This study examined 1) whether plasma total Mg (TMg) and ionized Mg (IMg) concentrations in children are reduced by traumatic brain injury (TBI) and 2) whether the extent of reduction correlates with severity of trauma assessed by the Glasgow Coma Scale (GSC) score. This was a prospective cohort study of 98 pediatric patients who had TBI and were admitted through the emergency department. A GCS score was assigned and blood was obtained upon presentation and 24 h later. Plasma was analyzed for TMg and IMg. Patients were grouped into three categories-GCS scores 13-15, 8 -12 , and Ͻ8 -to designate mild (n ϭ 21), moderate (n ϭ 37), and severe (n ϭ 40) TBI, respectively. Blood was obtained from 50 healthy children before elective surgery as controls. Control subjects had a TMg and an IMg of 0.94 Ϯ 0.08 and 0.550 Ϯ 0.06 mM. TBI patients had an initial TMg and IMg of 0.83 Ϯ 0.09 and 0.520 Ϯ 0.05 mM, respectively. Initial TMg for mild, moderate, and severe TBI subgroups (0.87 Ϯ 0.16, 0.81 Ϯ 0.15, and 0.83 Ϯ 0.14 mM, respectively) was reduced from control subjects (p Ͻ 0.01). IMg was reduced only in the severe TBI subgroup (0.516 Ϯ 0.07 mM; p ϭ 0.016). Twenty-four hours later, TMg remained lower than in control subjects for all subgroups of TBI; however, IMg normalized. TBI in children is associated with a reduction in TMg, whereas IMg decreased only with severe TBI. IMg returned to control values by 24 Traumatic brain injury (TBI) remains an important health problem in children. Hospitalizations are frequent after TBI (180/100,000 children) (1), mortality is substantial (10/100,000 children) (1) , and up to 17,000 children per year are left with permanent developmental disabilities (2, 3) . TBI represents the most common cause of acquired disability in childhood (3, 4) . The pathogenesis of tissue injury after TBI remains complex, reflecting mechanical tissue destruction and multiple secondary processes such as energy failure, excitotoxin release, lipid peroxidation, osmodysregulation, apoptosis, and other pathways (5) (6) (7) (8) . Over the past 15 y, there has been growing interest in altered Mg homeostasis after TBI and a potential neuroprotective role for exogenous Mg administration. The proposed link between TBI and Mg is based primarily on work in an experimental model of TBI in rodents in which a fluid percussion model was used to induce damage. In this TBI model, both brain total and intracellular Mg (measured with P-31 magnetic resonance spectroscopy) (9 -11) were reduced, and the extent of injury correlated with the decrease in total and intracellular Mg (12) . Supplemental parenteral Mg administered as prophylaxis minimized the decrease in brain Mg and improved neurobehavioral scores (12) (13) (14) (15) . In addition, Mg that was given to rodents that sustained TBI attenuated histologic brain damage (16) .
Instruments to measure ionized Mg (IMg) using ionselective electrodes are now commercially available. This has prompted studies in adult rodents to determine whether Mg concentrations (either total or ionized) are altered after TBI in body fluids, such as blood or plasma, that are more readily available than brain tissue. In one study, total blood Mg was unchanged but IMg was reduced. Supplemental Mg administered 1 h after TBI corrected the lower IMg (12) . More important, there was a direct relationship between IMg immediately after TBI and motor function at 1-2 wk after the injury (12) . This work has been extended to human adults (17, 18) . In these two reports, TBI was associated with either no change (17) or a reduction in total Mg (TMg) in the blood (18) , but both report a decrease in IMg. At present, no studies have delineated the changes in blood Mg concentration after TBI in an exclusively pediatric population. As an initial step in examining alterations in Mg concentrations after TBI, this investigation had the following two objectives: 1) to determine whether plasma TMg or IMg concentrations decrease in children after TBI and 2) to determine whether plasma TMg or IMg concentrations change as a function of the severity of TBI.
METHODS
This study was approved by the Institutional Review Board of the University of Texas Southwestern Medical Center, and informed consent was obtained on all study patients. This was a prospective cohort study initiated in January 1998 and completed in May 1999.
Study setting and group. The study subjects consisted of 98 children who had TBI and presented to a level I pediatric trauma emergency department (ED) of Children's Medical Center of Dallas, an affiliate of Southwestern Medical Center. Inclusion criteria were history of a head injury, Ͻ18 y of age, assessment with a head computed tomography (CT) scan within the first 5 h of injury, and admission to the pediatric intensive care unit. Any patient with a GCS score Ͻ14 or positive head CT findings was routinely admitted to the pediatric intensive care unit in our institution. Fifty healthy children who were to have elective surgery during January 1998 to May 1999 served as a comparison group. Blood was drawn in the operating room before surgery or anesthesia, at the time an i.v. line was placed. Exclusion criteria for either group were medical conditions or medications that could alter Mg levels, such as renal disease, endocrine disorders, aminoglycosides, diuretics, and digitalis. All patients with TBI were evaluated using the Glasgow Coma Scale (GCS) (19) to assess the severity of TBI initially on presentation to the ED and again at 24 h after initial assessment. Scoring for the GCS was performed by the same investigator for all patients with TBI.
Study protocol and measurements. Blood was drawn on presentation to the ED (day 1) and~24 h later (day 2). Blood was drawn under anaerobic conditions and placed into 3-mL glass green-top Vacutainer tubes (Becton Dickinson, Franklin Lakes, NJ) that contained 15 units of sodium heparin/mL of blood. Previous studies have shown that this concentration of heparin does not affect the concentration of IMg in plasma (20) . The samples were immediately centrifuged at 3000 rpm and stored at 4°C for Ͻ24 h and then at Ϫ75°C until their analysis within 4 mo of sampling. Freezing and thawing has been previously shown not to alter IMg concentrations (21) . IMg concentration was measured using the NOVA 8 ISE Analyzer (NOVA Biomedical, Waltham, MA). This instrument was also used to measure concurrently sample pH, ionized calcium (ICa), sodium (Na), and potassium (K) concentrations. All measurements were made at 37°C using 200 L of plasma. IMg and ICa are reported after correcting for sample pH and were normalized to a pH of 7.4. The instrument was calibrated using the manufacturer's standards, and the electrodes for Mg and Ca were replaced at intervals specified by the manufacturer. TMg concentration was determined in duplicate using a Varian SpectraAA Atomic Absorption Spectrophotometer (Varian Optical Spectroscopy Instruments, Mulgrave, Australia) equipped with an air-acetylene flame, and detector was set at 285.2 nm. Plasma samples were diluted 250 times (10 L in 2.5 mL) into a solution that contained 0.5% lanthanum oxide to minimize chemical interference as recommended by the manufacturer. The instrument was calibrated using commercial Mg standards (Sigma Chemical Co., St. Louis, MO).
Data analysis. Children with TBI were classified into three groups according to the severity of injury on presentation using the GCS score. Mild TBI was defined as a GCS score of 13-15, moderate TBI was defined as a GCS score of 8 -12, and severe TBI was defined as a GCS score of Ͻ8. Group data are expressed as a mean Ϯ SD, and continuous data were analyzed using t test and ANOVA for continuous variables. Descriptive categorical results were analyzed using 2 analysis. A p Ͻ 0.05 was considered significant. Statistical analysis was done utilizing Excel and Mini-tab.
RESULTS
A total of 98 children with TBI were studied. Children with TBI were 6.3 Ϯ 6 y of age. The average age of children in the three TBI subgroups was the same (Table 1 ). Children in the control group were similar in age (5.8 Ϯ 3.8 y). The time from injury to the time that the first blood sample was drawn was similar in all three TBI groups. Sex and ethnicity were similar in the control group and the TBI group (p ϭ 0.4 and p ϭ 0.6, respectively). The major causes of TBI included motor vehicle accidents (46%), motor pedestrian collisions (28%), and falls (21%). Selected clinical characteristics of children who were classified as having mild, moderate, and severe TBI are presented in Table 1 . As expected, fewer children who were classified as having mild TBI required intubation or pressor support, compared with children who were classified as having moderate and severe TBI. Likewise, intracranial pressure monitoring was not required in children in the mild TBI group but was required in 10 and 45% of children in the moderate and severe TBI groups. In contrast, similar numbers of abnormalities on CT scans (subdural, subarachnoid, and epidural hemorrhage; contusion; and edema) were observed in all three groups (86% of mild, 68% of moderate, and 57% of children with severe TBI). Magnetic resonance imaging was not performed in all patients, which would have identified patients with diffuse axonal injury that is associated with more severe TBI.
The TMg and IMg concentrations for the control group were 0.94 Ϯ 0.08 and 0.550 Ϯ 0.06, respectively (Table 2 ). There was no correlation between either TMg or IMg concentration and age for the control group (p Ͼ 0.05 for both). On day 1, the TBI group as a whole had lower average TMg and IMg concentrations (0.83 Ϯ 0.09 and 0.523 Ϯ 0.05 mM, respectively) compared with the control group (p Յ 0.01 and p ϭ 0.036, respectively, for TMg and IMg). Moreover, a significant reduction in TMg was found in each TBI subgroup. IMg concentration, however, was the same as the control group for mild (0.540 Ϯ 0.07 mM; p ϭ 0.6) and moderate TBI (0.518 Ϯ Table 2 ).
On day 2, all children who were classified as having mild TBI, with an initial GCS of 13-15, had the same score. For children with moderate TBI, an initial GCS of 8 -12, 3% had the same GCS score, 75% improved with a GCS score of 13-15, and 15% deteriorated with a score Ͻ8 on day 2. For children with severe TBI, with an initial GCS of Ͻ8, 55% had the same score and 45% had an improved score on day 2. For both the moderate and the severe TBI groups with an improved GCS score, TMg did not improve (p ϭ 0.178, p ϭ 1.01). Likewise, the IMg level did not improve (p ϭ 0.189, p ϭ 1.01). The TMg concentration for the moderate and severe TBI subgroups remained reduced versus the control (Table 2) . Although the TMg remained low in all TBI subgroups compared with the control, the TBI patients did show an increase in TMg levels between day 1 and day 2 of the study. On day 2, IMg concentration in each of the three TBI subgroups did not differ compared with control values. IMg concentration on day 2 increased compared with day 1 for moderate and severe subgroups of TBI (p Յ 0.015; Table 2 ). The same direction of effect was present for IMg in the mild TBI subgroup. For the severe TBI subgroup, IMg on day 2 was similar in children with a GCS score that remained Ͻ8 (0.57 Ϯ 0.08 mM; n ϭ 13), compared with children in whom the GCS improved to Ն8 (0.55 Ϯ 0.07 mM; n ϭ 21).
In the patient population studied, 33% of patients had an associated non-CNS traumatic injury (n ϭ 1 mild TBI, n ϭ 12 moderate TBI, n ϭ 20 severe TBI). Sixty-six percent (n ϭ 20 for mild TBI, n ϭ 25 for moderate TBI, and n ϭ 20 for severe TBI) had isolated head injuries. Non-CNS trauma included bone fractures and splenic, liver, pulmonary, renal, and cardiac injuries. The isolated head-injured patients had similar TMg and IMg levels on presentation and 24 h later when compared with the entire TBI group (Table 3) .
Plasma Na concentration was similar in the control group and each subgroup of TBI on presentation and 24 h after the head injury (Table 4 ). Plasma K concentration on day 1, however, was lower in each subgroup of TBI compared with the control group but increased to levels similar to control values in the mild and moderate TBI subgroups on day 2. ICa concentration for all three TBI subgroups on day 1 were lower than in the control group. By day 2, ICa had returned to control values in each TBI subgroup.
DISCUSSION
This investigation has characterized the changes in TMg and IMg concentration that occur within 5 h after TBI and 24 h after TBI in children who are deemed sufficiently ill enough to warrant hospitalization to a pediatric intensive care unit. The principal findings of this study included the following: 1) a 0.07-to 0.14-mM reduction in TMg concentration upon presentation to the ED, which occurred in all severities of head injury; 2) a relatively smaller, 0.01 to 0.03 mM, reduction in IMg concentration during this same period, which was significant only for children with the most severe TBI as indicated by their GCS score; 3) persistence of the reduction in TMg concentration 24 h after TBI; and 4) resolution of the reduced IMg concentration during this later period. The changes in TMg and IMg in children with isolated TBI were nearly identical to the changes in Mg for the entire study group of TBI. This suggests that TBI alone and not a general response to trauma accounts for the changes observed in Mg.
The most prominent finding of this study was the lower TMg concentration for children with TBI compared with control subjects. Because of the suggestion that alterations in brain tissue MG may play an important role in the pathogenesis of tissue injury (13, 14, 22) , several studies have tried to address whether changes in the brain are mirrored by similar changes for GCS for 15, 10 -14, and Ͻ10, respectively), and the lack of differences may reflect the sample size (n ϭ 9, 52, and 6, respectively, for the designated GCS).
There are a several theories to explain a reduction in plasma TMg after TBI. For example, free water retention as a result of the syndrome of inappropriate secretion of antidiuretic hormone after TBI (24) could incidentally reduce the blood TMg concentration. This possibility, however, is not supported by a serum Na concentration of the TBI group, which did not differ on day 1 compared with the controls. Alternatively, the reduction in total plasma Mg after TBI may reflect enhanced renal excretion of Mg. The rapid reduction in plasma TMg within hours of the injury would make renal losses of Mg very unlikely. This is also suggested by reports that patterns of urinary excretion of Mg in adult humans with head trauma are not increased shortly after injury (23) . We are unaware of analogous data collected for children with TBI. Another alternative is suggested by data obtained from adults indicating strong adrenergic control of plasma Mg. Specifically, infusions of adrenaline in healthy adult humans resulted in a 10 -15% reduction in plasma TMg concentration (25) (26) (27) . Experiments performed on adult ewes demonstrated that the adrenaline induced by hypomagnesemia was abolished by ␤-adrenoreceptor blockade with propranolol (28) . Hormonal mediators have been quantified in children with severe TBI (GCS score Ͻ8), and circulating adrenaline levels were found to be markedly elevated (29) .
Altura et al. (30) showed that low levels of TMg are associated with a number of pathophysiologic states such as cardiovascular disease (congestive heart failure, myocardial ischemic syndrome, acute myocardial infarction, and hypertension) and diabetes. The relationship between a lowered TMg and these pathophysiologic states has been investigated. Experiments using diabetic rats suggest that their altered vascular tone may be due to a modification of the Mg-Ca exchange sites at their vascular smooth muscle membrane. In reference to cardiovascular disease, Altura et al. (31) showed in an animal model that blood vessels, especially arteries and arterioles deficient in Mg, can undergo constriction and spasm; the greater the reduction in Mg, the greater the magnitude of contraction in an animal model. Altura hypothesized that selfinduced stress with the accompanying catecholamine secretion as seen in type A behavior increases lipolysis. This increase in lipolysis increases blood FFA, which leads to a TMg deficiency, which ultimately leads to cardiovascular disease (32) .
Low plasma Mg concentration can be a consequence of medications or medical conditions; chelation by citrated blood products; and redistribution into cells by glucose infusions, amino acid infusions, or catecholamine infusions. Patients were not included when they had a medical condition or took medications that could potentially alter their plasma Mg. In addition, patients in this study had their initial Mg drawn before blood products or medications were given, and none of the low levels of MG were treated because the levels were analyzed at least 1 wk after collection. No patient was given Mg during the study.
A final pathway that could contribute to the reduction in plasma TMg concentration involves alterations in lipid metabolism. At a cellular level, TBI can be associated with peroxidative membrane damage (33) , similar to that observed for traumatic spinal cord injury (34) . Consistent with enhanced lipid peroxidation is the increase in brain phospholipase activity shortly after TBI (35) . Hydrolysis of the cellular membrane may result in loss of lipid and associated bound MG, thereby contributing to reduced brain tissue TMg. Consistent with this concept is in vitro data obtained with 31 P magnetic resonance spectroscopy to measure free Mg concentration, which demonstrated that enzymatic hydrolysis of artificial membrane (18) . Given that catecholamines may be an important source of reactive oxygen species, there may be a close interrelationship between the sympathetic response to TBI and oxidative injury.
Results of the present study show that although there are prominent changes in the TMg concentration in blood after TBI, these alterations occurred irrespective of the severity of head injury initially. In contrast, children with severe TBI in the current study had only a small, 0.03-mM, reduction in IMg concentrations, but this was significant. Those with mild or moderate injury had no reduction. IMg in the moderate subgroup trended toward a significant reduction (p ϭ 0.06) and may reflect an issue of sample size. These observations are not consistent with previous observations in either adult humans or adult animal models of TBI.
Measurement of blood IMg measurements in adult humans after TBI have strong parallels to the above rodent studies. Memon et al. (17) reported reductions in serum IMg concentrations for 66 adults with acute blunt head trauma, with the extent of the decrease in Mg paralleling the severity of injury (e.g. Ͻ10% decrease for mild injury, 25% decrease for severe injury). Cernak et al. (18) reported that plasma IMg was reduced after either mild or severe head injury (GCS 13-15 and 4 -6, respectively) and remained decreased for a longer interval in the more severe (37) .
In contrast, the present study reveals that the initial plasma IMg concentration was only slightly reduced for the subgroup with the most severe head injury. The magnitude of the decrease was Ͻ10% compared with age-matched control subjects (0.516 Ϯ 0.07 versus 0.55 Ϯ 0.06 mM, respectively), with a similar direction of effect found for children who were classified as having moderate TBI (GCS ϭ 8 -12, IMg ϭ 0.518 Ϯ 0.10; p ϭ 0.06). Even though these changes in IMg were small, they were significant for the severely injured. Measurement of blood IMg in children has been scarcely studied, with IMg never being measured in children with TBI. IMg in healthy children has been reported as a narrow range between 0.56 and 0.62 mM using the same measuring apparatus as we used (38) . Another important difference between the results for children and adult humans/rodents is the transient changes of IMg concentration in children after TBI. For example, for the subgroup of children with severe TBI (GCS Ͻ8), IMg concentration had increased to 0.56 Ϯ 0.08 mM by 24 h after injury, which was similar to control patients. In addition, IMg concentration increased between presentation and the 24-h sample for the moderate TBI group (GCS ϭ 8 -12, 0.518 Ϯ 0.10 to 0.57 Ϯ 0.08 mM; p ϭ 0.013), with the same trend for mild TBI (GCS ϭ 13-15, 0.54 Ϯ 0.07 to 0.61 Ϯ. 07 mM; p ϭ 0.06). These observations suggest that there are mechanisms to increase IMg concentrations despite a persisting low total blood Mg concentration. There are different pools of Mg in plasma, including Mg bound to low-affinity, low-molecular-weight ligands (e.g. phosphate, bicarbonate, lactate), high-affinity, highmolecular-weight ligands (proteins), and free Mg or IMg (20, 39) . Because IMg is the physiologically active form and is responsible for multiple critical roles in cellular metabolism (enzyme co-factor, protein regulator), mechanisms to shift Mg from low-affinity bound sites to the free pool would seem plausible.
Studies that examined changes in TMg and IMg concentration in blood after TBI have done so in the hope that brain tissue changes will be reflected in the blood, as a consequence either of the tissue changes or of similar events that affect red cells. If this could be demonstrated in humans as has been done in rodents, then IMg concentration in the blood may be a marker for brain tissue injury in humans, with possible prognostic, diagnostic, or even therapeutic implications. The results of the present investigation in children suggest that the usefulness of IMg measurements in the blood may be limited to a short interval after severe TBI. This is supported by the increase in IMg concentration in children with severe TBI to levels similar to control children by 24 h after the injury. In addition, there was no difference in the IMg concentration among children who had severe TBI on admission and either improved or did not improve their GCS scores by 24 h after the injury. The present results are limited, however, by the absence of long-term neurodevelopmental follow-up for these children. A more extensive study with more frequent blood Mg sampling in the first 24 h after TBI and long-term follow-up would be worthwhile. Much more data are required before Mg can be considered a treatment for TBI.
CONCLUSIONS
TBI in children is associated with a reduction in TMg, whereas IMg decreased only with severe TBI. IMg returned to control values by 24 h despite a continued lower TMg, suggesting mechanisms to maintain IMg. Changes in plasma IMg may serve as a marker for TBI but only over a limited interval.
